ABsTRAcr.--Cold-front passage has long been associated with south-bound raptor migration in northeastern North America. We used Hawk Mountain Sanctuary's 55-year database to calculate abundance indices of 14 raptor species at the site. These indices, together with data taken from coincidental U.S. Department of Commerce daily weather maps, were used to investigate the extent to which raptor migration at Hawk Mountain is associated with the passage of cold fronts. Daily abundance indices for 12 of 14 raptor species exhibited significant increases during one or more of the three days following frontal passage. Three basic patterns emerged, which differed in the number of days after frontal passage on which peak migration occurred. The patterns fit the flight behavior of the species involved. We failed to detect a long-term linear trend in numbers of fall-season cold fronts at the site. Stepwise multipleregression analyses revealed that annual-abundance indices were not influenced by annual variation in the numbers of cold fronts passing the Sanctuary at the time of fall migration. Overall, our analyses confirm the results of earlier, short-term studies demonstrating withinyear effects of frontal passage on raptor migration. Our failure to detect among-year effects of frontal passage rates on annual counts of raptors migrating past the site supports the notion that cold fronts enhance fall migration rather than simply making the birds more visible to observers at such times by forcing them closer to the watch site.
Although many investigators have implied that frontal passage actually enhances fall migration, others have contended that migrants are simply more visible at such times, either because they are diverted longitudinally from broad, frontal migrations toward leading lines, or because they are diverted downward from high-altitude thermal soaring to low-altitude slope soaring (cf. Murray 1964, Millsap and Zook 1983, Kerlinger and Gauthreaux 1984). Whether one or both of these hypotheses is true has important implications for the use of migration watch-site counts to monitor long-term changes in raptor populations.
If, for example, frontal passage enhances raptor migration, annual variation in the frequency of these events should not affect the magnitude of annual counts at individual watch sites, but only the timing of migration movements within years. However, if frontal passage only diverts raptors that are already aloft, either lon- weather and raptor-migration databases to determine the extent of within-and among-year associations between frontal passage and the magnitude of raptor migration at Hawk Mountain Sanctuary. We use our analyses to examine whether the passage of cold fronts (1) enhances raptor migration, or whether it only (2) increases raptor sightings, either by crowding raptors longitudinally along leading-line watch sites, or by decreasing the altitude at which raptors migrate past such sites. Detecting an effect of frontal passage on the numbers of raptors sighted within years, while at the same time failing to detect an effect of frontal passage rates among years, would support the first hypothesis. Detecting both within-and among-year effects would support the second hypothesis. We discuss our results in terms of using watch-site migration counts to assess long-term trends in regional populations of migratory raptors.
METHODS
Migration counts.--Hawk Mountain Sanctuary, Pennsylvania (40ø38'N, 76ø59'W), and its raptor migration are described in Brett (1991 For our analyses, annual count data were standardized using a species-specific truncation procedure that 
RESULTS
Frontal passage rates.--Although the interval between successive cold fronts ranged from less than 1 day to as many as 26 days, 50% of all cold fronts passed within three days, 75% passed within five days, and 95% passed within 10 days of the previous front (Fig. 1) . Total fronts varied considerably among years, ranging from lows of 10 to highs of 20 (Fig. 2) (Fig. 3) . Furthermore, with the exception of Northern Harriers, all species demonstrating significant shifts as a function of frontal passage were seen on the day of the passage of a cold front, or within three days thereafter, significantly more frequently than on the fourth, fifth, or sixth day following frontal passage (Fig. 3) .
These 12 species fell into three response groups (Fig. 3) . Bald Eagles, Ospreys, and the three falcons (Merlins, Peregrine Falcons, and American Kestrels) all had highest sighting rates on the day of frontal passage (or, in the case of American Kestrels, approximately equal rates on both the day of and day after passage), and all had decreased sighting rates between the day of and four days after frontal passage (Fig.  3) . Sightings of migrating Bald Eagles, for example, averaged 44% lower during the two to four days after a cold front than on the day of and the first day after frontal passage. Similar declines were found for Ospreys (-23%), American Kestrels (-49%), Merlins (-52%), and Peregrine Falcons (-48%).
Passage rates for Golden Eagles and the three species of accipiters (Sharp-shinned Hawks, Cooper's Hawks, and Northern Goshawks), although higher on the day of a frontal passage than four days later, all peaked the day after frontal passage, before declining steadily for the next three days (Fig. 3) Peak passage rates for the three species of buteos with significant effects were later still, occurring either on days 1 and 2 (Red-shouldered and Red-tailed hawks), or days 2 and 3 (Broad-winged Hawks) following frontal passage. In all three instances, sighting rates on the day of frontal passage were significantly lower than on the day after passage (Tukey's Studentized range tests, P < 0.05). As a result, although sighting rates for Red-tailed Hawks declined 18% between the day of and the day after frontal passage and the following three days, rates for Broad-winged Hawks increased 10%, and those of Red-shouldered Hawks remained the same (Fig. 3) . Among-year effects of frontal passage on raptor migration.--Stepwise multiple-regression analyses revealed that there were various linear and nonlinear trends in annual-abundance indices, but that annual deviations from those trends were not significantly influenced by annual variation in the numbers of cold fronts passing the Sanctuary. This was true for both multipleregression models (see Methods; Table 2 ).
DISCUSSION
Our analyses demonstrate two major patterns. First, with the exception of Rough-legged Hawks, which are relatively uncommon at the site, our within-year analyses support the widely held hypothesis that frontal passage increases the numbers of raptors sighted at migration watch sites (Fig. 3) . Second, our among-year analyses suggest that, in spite of considerable annual variation in numbers of cold fronts passing the Sanctuary each fall, annual counts of raptors at the site are not affected by this variation. These results have important implications for understanding the behavior of migrating raptors, as well as for the use of raptormigration counts in monitoring long-term fluctuations in populations. We discuss within-and among-year cold-front effects separately below.
Within-year effects.--Our analyses enable us to test the generality of the relationship between frontal passage and raptor migration using more species and a longer time period than in pre- Although harrier numbers increased following frontal passage, the effect was not marked (Fig. 3) 1935-1942 and 1946-1991) was affected by annual variation in number of cold fronts passing through the region. Two models were used. The first (1) assessed the relationship between annual variation in migration counts and annual variation in frontal passage rates. The second (2) assessed the relationship between annual variation in migration counts and annual variation in frontal passage rates during the period in which the central 75% of a species migrated past the site. Both models were significant for all species (P < 0.001). This method is most effective when the number of simultaneous tests involved is small. As the number of tests increases the probability of making a type II error becomes a concern (Beal and Khamis 1991). In our case, 14 species were examined simultaneously. If we had not employed this correction factor, our analyses would have demonstrated that counts of 13 species (as opposed to 12 using the method) were influenced within years by frontal passage, and that annual counts of three species (as opposed to none using the method) were marginally influenced by annual variation in frontal passage rates (Table 2) 
